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FOREWORD

This investigation was conducted by the Metallurgy Branch, Materials Systems and
Science Division (MS) of the U.S. Army Construction Engineering Research Laboratory
(CERL). The study was sponsored by the Directorate of Military Construction, Office of
the Chief of Engineers, under Project 4A761102AT23, “Structural Systems,” Scientific
Area 02,"Facility Components,” Work Unit 002, “Characterization of Fracture of En-
gineerine Materjals.” The OCE Technical Monitor was 1. A. Schwartz.

CERL personnel connected with the investigation were J. Aleszka, S. Joshiand Dr. Y,
G. Kim. Dr. R. Quattrone is Chief of the Metaliurgy Branch, and Dr. W. E, Fisher is
Acting Chief of MS. COL M. D. Remus is Commander and Director of CERL and Dr. L.
R. Shaffer is Deputy Director.
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FRACTURE CHARACTERISTICS OF
STRUCTURAL STEELS AND WELDMENTS

1 nTRODUCTION

Objective

The objective of this study was to use a scanning
electron microscope (SEM) to ¢~*blish and character-
ize the nature of fractures in enginesring materials.
This information should result in more efficient use
of the matcrials and aid in understanding and minimi-
zing their embrittlement. In addition, documenting
the types of fracture modes will form the basis for
analyzing inservice failure and help prevent similar
failures in other applications.

Approach

The fracture characteristics of a low-catbon steel
(ASTM A-36), two martensitic stecls (ASTM A-517,
also knowa as USS T, and HY.130), and high-
strength steel weldments with and without induced
defects were analyzed. The materials were fractured
under tensle, fatigue, and impact loading conditions.
The effects of hydrogen znd temper embrittiement on
the materals’ behavior when fractured under tensile
und fatigue conditions wore investigated,

Background

Freciure of Steels

Fracture sustace features can be divided o two
categories according to the fractwie propagaton path
transgranulas  (theowgh the giains) o intengranuluy
{uround the graing) In the vanspranular fracure path
category, lractures con aoeot by vold cod sseence,
rupture, oeavage, o fatigue, Fractuses i the inter
granuhar fracture path categoty veenr by geain bound.
ary sepatation eithet with or without mjerovoid coales.
cenie, - Hlustrations of these typieal types of lractige
are shown in Figures | through 6 as discugsed below.

Kany comnon strugtral wctals Tiactuce under
aiotonte Joad 0 o ductile fashion by mistoveld
coalescence. The imderovolds may be nucleated at gratn
boundaries, scenmdphase particles, vr other sites wherte
steain discontinuities exist. As an applied load increases
stiess, the siceovoids grow, coalesce, and eventually
funn a continuous Tracture surfzce which exdibits
nunierous cupdike depressions called “dimples.”

The shape of these dimples is strongly influenoed by
the orientation of the major stress axis. Fguiaxed
dimples (Figute 1) result vinder local cunditions uf uni

1

axial tensile stress, while elongated dimples (Figure 2)
result from failure caused by shear stress when the steel
is stressed at a temperature above transition, and the
shear component of the applied load is sufficiently
large to overcome the shear strength of the material.
Dimple size appears to depend on the number of {rac-
ture nucleation sites and the relative plasticity of the
metal. If many fracture cleation sites initiate micro-
voids prior to rupture, - rovoid growth is limited due
to intersection with ‘uiner microvoid surfaces. As a
result, numerous small, relatively shallow dimples are
formed. However. if only a few microvoids are initiated
priot torupture,. .. resulting dimples are large and deep.

Cleavage fr .tures (Figure 3) usually uvccur along
well-defined crystallographic planes within a grain. In
polycrystalline metals, a cleavage fracture propagating
through o.¢ grain may have to change direction as it
crosses subgrain boundaries or passes from one grain to
another. The change in orientation between grains and
the im-perfections within grains usually produce easily
distinguished markings on the fracture surface. A cleav-
age fracture propagating across grain or tilt boundaries
furms arrays of cleavage steps or “river patterns.”
These river pattemns use rootlike networks of cleavage
facets propagating on different lovels, which converge
ut the site of fracture initiation.}

Quasi<leavage (Pigure 4) is a fracture mode which
resantbles cloavage in that it produges planar or neurly
planar fractuge facets: however, these facets are not
paralle} to the metal’s nonnal cleavage planes.

Patigue fractume tesults fron stepped progression of
3 ¢ragk due to application of a eyulic Toad. The wecha.
nisin of fatigue crack nucleation s believed 1o involve
ship plane Tracture caused by repetitive reversing of the
operative slip systems In e metal’ Crack grovwth
causgd by reputitive toading vsually results in 3 {rRgtue
sutiyee which exhibits closely spaced Fatigue siriations
(Figue 8). Bach farigue striation represents the ay.
vance of a ciaek front durdbg vie [aading cycle after
initiation of fracture. The striations may be absent o
differ i appearance depeading v such variables 23
Ty of wiaterial, toved and frequeney of applicd stiess,
and ensurisnuient,
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YR, Honda, Intemational Comference on Frectvre, Sendal,
fapan (19683, and J.R. Law, Jr,, B.L. Avedbach, ef al., Prsciure
(John Wiley, 1959), p 163.

938 Fonyth, “Fatigue Bamage and Crack Growth (n
Aduminum Atloys,” ACTA Mecsllunion, Yol 15, (1963) p T0Y;
and €, daud and G0 Smith, “Ciack Bopagation in High Stresa
Vauigue, Phidesophiol Mogazine, Vol 2,{1962), p 8472,
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Intergranular fracture resulting from grain boundary
separation often results from segregation of impurity
atoms along the grain boundaries (Figure 6). This
segregation causes the grair boundaries to be extremely
weak and brittle so an advancing crack needs very little
energy to propagate along them, The surfaces of each
block-like structure are the grain boundaries of the
pnor sustenite phase. The basic difference between
grain boundary separation with and without microvoid
coalescence is that dimples appear on the fracture sur-
face with microvoid coalescence. Intergranular fracture
without microvoid coalescence frequently results when
steel has been hydrogen- or tempecembrittled.

Hydrogen Embrittiemeri: of Steel

Since bydrogen can easily be introduced into metals
by nielting, casting, welding, corrosion, and electroplat-
ing, hydrogen embrittlement has received considerable
attention.> Most investigations of hydrogen embrittle-
ment have been performed under sustaineddoad or
slow strain rate tensile test conditions. Research pub-
lished on the behavior of hydrogen embrittlement un-
der cyclic load conditions is limited.

The degree of embrittlement generally increases
with increasing hydrogen content and tensile strength
of iron-base alloys. Thus, hyarogen embrittiement is a
greater problem with high-strength steels which have
been exposed to hydrogen environments or contain
hvdrogen, The effect of hydrogen embrittlement is a
sharp luss in ductility; this loss is most severe at room
temperature and decreases with decreasing temperature
and increasing strain rate. Reductions in fatigue life of
steels due to electrolytically hydrogen<harging® or
osting in a hydrogen atmosphere® have also been re-
vorted. The mode of failure of a hydrogen embrittled

3p. Cotterill, “The Hydroges Embrittlement of Metals,”
Progresswe Materials Sclence, Vol 9, No. 4 (1961); A.S. Totel-
man and A.J. McEvily, Jr., Fracture of Structural Materials
(John Wiley, 1967); 1. M. Bernstein, “The Role of Hydrogen in
tiee Embrittlement of Iron and Swecl,” Materials Science and
Engineering, Vol 6, No. 1 (1970), vp 1-19; W. Reck, E.J,
Jankowski, and P. Fisher, Hydrogen Stress Cracking o)’ High-
Strength Steels, NADC-MA-7140 (Naval Air Development
Center, 1971); and Hydrogen Embrirticinent Testing, ASTM
STE543 (American Scciety for Testing and Materials [ASTM],
1974),

4G. Schwen, G. Sachs, and K. Tonk, ASTM Procecdings,
Vol §7 (1957, pp 682-697; W. Beck, Electrochemical Tech-
nology, Vol 2 (1964), pp 74-78; and J.D. Harrlson and G.C.
Smith, dritish Welding Journal, Vol 14 (1967), pp 493-502.

SW.A, Spitzig, P.M, Talds, and R.P. Wel, “Fatigue-Crack
Propagation and Fractographic Analysis of 18 Ni (250) Maraging
Steel Tested iu Argon and Hydrogen Environments, Engineering
Fracture Mechanles, Vol 1 {1968) pp 155-165.
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sample depends on such variables as type of material,
method of loading, and environment.

Many theories cc.cerning the mechanism of hydro-
gen embrittlement have been proposed. Unfortunately,
none has been able to account for more than half the
experimental results. The first hydrogen embrittlement
theory, proposed by Zaffe,S was based on atomic hy-
drogen diffusing through the metal lattice, precipitating
in internal voids as molecular hydrogen, and creating
high pressures. It was assumed that high pressures in
the voids combined with the externally applied stress
to fracture the me(.i. Diffusion of hydrogen to the
voids could explain the strain rate and temperature de-
pendence of hydroger embristlement. However, this
theory requires a regular array of pre-existing internal
voids along which the hydrogen-charged sample can
fracture. a requirement that is inconsistent with the
results of studies delineating the structure of hydrogen-
embrittled steels.”

Petch® rejected the idea that cracking is propagated
by internal hydrogen pressure. He suggested that ad-
sorption of hydrogen on the surfaces of microcracks
or voids lowers the surface free energy, thus also lower-
ing the energy needed for crack propagation, He fur-
ther susgested that although plastic deformation may
produce many disconnected microcracks, they do not
reduce fracture stiess significantly in the absence of
hydrogen. However, when hydrogen is present, it dif-
fuses into the region of the advancing tip and is ad-
sorbed on the surfaces of the crack, thereby reducing
the energy required to propagate the crack.

Troiano® has proposed that hydrogen which is even-
ly distributed throughout thu metal lattice is harmless
because its concentration is so small. The critical factor
is the segregation of hydrogen, under an applied stress,
to regions of triaxial sti.ss near pre-existing voids in
the steel; thus only hydrogen in the stressed region of
the lattice i responsible for hydrogen embrittlement.
Also, since hydrogen embrittlement is observed In
transition matals having vacarcies in the third subshiil,

SCA. Zaffe, Journal of Iron und Steel Institute, Vol 154,
No. 123 (1946).

748, Tetolman and A.J. McEvily, JIr., Fracture of Structural
Matertals (John Wiley, 1967),

8N Petch, *“T'he Ductile Fra.ture of Polycrystallae-lron,”
Philosophical Magazine, Vol 1 (1956), pp 186-191.

A, Trolano, “The Role of Hydrogen and Other Inter-
stitlals In the Mechanical Behavior of Metals," Transections of
The American Soclety for Metals (ASM), Vol 52 (1960), p 52.
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Troiano hypothesizes that hydrogen in the stressed re-
gion of the atomic lattices neur the voids gives up its
electrons to the third subshells of the host atorns,
filling the vacancies in the third band, and thereby
decreasing the binding energy or cohesiveness of the
atoms in the lattice in this region. One flaw in this
theory is that specimens slowly cooled from a hydro-
gen atmosphere or cathodically charged at room tem-
perature contain cracks even without externally ap-
plied stress. The supposition that hydrogen segregates
to stressed regions in the metal is also inconsistent with
the diffusion data of Hill'® which indicate that little or
no strain occurs while hydrogen diffusss,

It should be noted that the deleterious effects asso-
ciated with hydrogen embrittlement can be removed
by outgassing or “baking” the material for a short time
in a temperature range of 100°C-300°C.'!

Temper Embrittlement

One problem associated with heat{reating certain
steels is temper embrittiement which occurs when cer-
tain commercial-purity steels are heated in or slowly
cooled through the temperature range of 550°C to
350°C."% If the steel is subsequently reheared above
600°C for a short time and quenched to room tempera-
ture, the embrittloment disappears.

Temper embrittloment is manifested by a loss in cor-
roslon resistance and g laege, upward shift in the brittle
to ductile transition temperature.'® This reduction in
toughness seriously limits the use of alloy steels in
heavy soctions such as prossure vessols and steam tug-
bine rotors.

1t i5 gonerally belioved that the equilibrium segroge-
tion of various impurlties to prior austenite grain boun-
darios is the fundamental mechanlsm of temper ombrit-

100N, Hill and E.W. Johuson, Transactions of the Ameri.
can Institute of Mining, Metallurgloal and Petroleum Engncers
{AIME}, Vol 215, No, 717 (1959).

HA S, Tetetman and A, Mekivily, Je., Fracture of Strue.
tural Marerialy (John Wiley, 1967).

2 0. Low, Ir., Fracture of Bngineering Marerials (ASM,
1964, p 127; and C.J, McMahom, 31., Temper Enbrittlement
in Steel, ASTM STP 307 (ASTM, 1968), p 127,

Yieat Treating, Cleaning, ard Fintshing, ASM Metals
Handbook, Vel 2, 8th Bditen (1964), p 245 and RY, Ault,
R, Holtmann, and LR, Myws, Heat Treamment of a Muren.
sltic Stafnless Steel for Optimum Combination of Strength,
Tonghness, and Stress Comadon Resisiance, Technlea) Report
AFML-TR-68-7 (Alr Force Materials Laboratory, April 1968).

¥y R, Low, Jr,, DL, Stein, AM. Tuikato, and R P, Latucl,
Transactions of AIME, MT6TD, Vol 242 (1968), pp 14-24,
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" tlement. Low and his associates'* demonstrated the in-

fluence of specific impurities such as antimony, tin,
phosphorus, and arsenic and alloying elements such as
nickel and chromium in promoting embrittlement.
Marcus and Palmberg'® found that when fracture oc-
curs along prior austenite grain boundaries in low-afloy
steels, significant amounts of antimony, tin, and phos-
phorus (100 to 500 times the bulk concentration) are
present on the grain boundaries. The presence of both
nickel and chromium leads to more segregation of anti-
mony, tin, or phosphorus to the grain boundaries than
when either is present alone.

Recent experiments by Ohtani’ ® suggest that a cen-
tral feature of temper embrittlement is the redistribu-
tion of solute during carbide precipitation. The study
showed that eliminating carbide precipitation in anti-
mony- and phosphorus-doped alloys eliminated the re-
maining embrittlement resulting from equilibrium
segregation. Ohtani concludes that embrittlement is
caused by the presence of impurities in the carbide-
ferrite interfaces resulting from piling-up of the impuri-
ty ahead of a growing carbide,

Regardless of how impurities reach the grain bound-
aries, it is gencrally accepted that they lower the maxi-
mum cohesive force along the prior austenite grain
boundaries. Consequently, cracks can caslly propagate
along this path,

Welding of Steel

Welding {s an Onportant method of joining single
members Into complex struci .ial systems required to
function undor diverse loading conditions In construc-
tion engincering, Arc welding has boon widely used to
join varjous constructional alloy steels. in the are
welding process, the arc supplies the hoat peeded to
melt the filler and base metal swefaces belng jo.ned.
Even when the proper electrodes, heat inpus, and weld
technloues are used,'? weld deposits are rarely free of
discontinuities: many types of defects occur, including
porosity, lack of fuslon (LOF), lack of penctration
(LOP), cracks, undercuts, inclustons, and burn<hrough.

[FUUTREETIC PP SROSES P Yy

By, Marcus, Jro and P, Balmberg, “Eifect of Solute
Elements on Temper Embiittement of Low Alloy Steels,”
Temper Embrictlement of Steels, ASTM STP 499 (ASTN,
1971, pp 90103,

oy, Ohtand, HLC, Peng, and $°.5. McMaton, Ji., “New ta-
formatlon on the Mechanlsm of Vemper Bmbrittlement of
A‘lluy Steels,” Merallurgical Tranyactions, VYol § (1974), pp
516518,

VA, Phillips, ed., The Wekding Haxdbook, Vol | {Amesican
Welding Soclety, 1968).
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The effects of these defects on the mechanical proper-
ties of the joint differ. Factors such as size, shape,
orientation, distribution, and service environment also
play important roles in determining the performance of
a weldment.

Porosity, one of the most frequent weld defects, is
formed by entrapment of evolved gases in the solidify-
ing metal. Because of their reduced solubility, the gases
are driven from solution in the weld metal as the tem-
perature drops. Gas bubbles are formed at the solid-
liquid interface and remain there until they are large
enough to float through the molten metal and escape
to the atmosphere.!® If the rate of flotation is less
than the rate of the solidifying front’s advance, the
bubbles are trapped, creating porosity.

LOP defects result when the weld and base metals
(or the base metal alone if no filler metal is used) do
not integrally fuse at the root of the weld. This occurs
when the weld metal fails to reach the root of a fillet
weld or the root face of a groove weld fails to reach
fusion temperature along its entire length.

LOF occurs when adjacent layers of weld metal, or
weld metal and base metal, fail to fuse bocause the
temperature of one of the metals doos not reach its
melting point durlag a weld pass,

M1y, Warren and RD. Stowt, Welding Journal, Vol 3, No.
8, Research Support 381 (1952).

2 EXPERIMENTAL PROCEDURE

Materials
The steels used in this investigation were % in, thick

plates cf ASTM A-36, ASTM A-517 Grade F (USS

T-1), and HY-130. Type A-36 is the most common

grade of structural steel used in bridges and buildings
and for other general structural purposes. Its micro-
structure (Figure 7) consists of regions of ferrite and
pearlite. Type A-517 Grade F structural steel (USS T-1)
is a highstrength, low-alloy, quenched and tempered
steel used in such applications as welded bridges,
buildings, and pressure vessels. HY-130 is also a low-
carbon, quenched and tempered alloy steel with a high
yicld strength. This steel has high toughness and ade-
quate hardenability even for thick plate applications.
The tempered martensitic microstructures of T-1 and
HY-130 are shown in Figures 8 and 9.

T-1 steel weldments were fabricated using AIRCO
AX 110 welding wire, The chemical compositions of
the steels and weld metal are shown in Table 1; Table 2
lists their mechanical properties.

Waelding Procedure

The gas-metal arc (GMA) wolding process was used
to prepare the T-1 steel weldments, The weld passes
were deposited fn eithor a 60° double-V groove or a
singlo-V groove (Figure 10), Table 3 gives the welding
paraseters.

Table 1
Chemical Composition of Stecls ad Weld Metal

Steed ASTM ASTM A-517 AX110 widd

Compositions A Graje ¥ deposi HY 1300
% (1)
¢ (.26 max 0.140.0.20 0.085 max 0.42 wan
My (85105 0.604.00 1) nux 0.60-0,40
e 0.04 nmuax 0,035 max Q.01 max 0,010 nas
$ 0.05 max 0.04 max 0019 nux (U5 max
$i 0.1540.30° 0.35.0.35 041 nuax 0.20:0.35
Cu 0.20 0.154.50 a
Ni - 0.70:1.00 229 nas 4.78:5.25
Ti - 0.009 max -
(4] - 0.40490.68 016  max 0.4040.70
Mo - 0.40:0.60 0.5  nax 0.304).65
v - 003008 0.0094 wux 0.050.10
B - 0.002-0.086 - -
Al - 0008 wax -

*Vor shupes over 426 /11 (633.96 kgim),

**Data prosided by U.S. Steel
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Table 2

Mechanical Properties of Steels and Weld Metal

Yield Strength
(ksl) Tensile
Steel (0.2% offsst) Strength (ksd) Elong (% in 2 in. or 5.08 ¢m)
A-36 32-36 min, 58-80 21-23 min,
(22498240-25310520 Kg/ml) (40778060-56245600 Kg/mz)
T1 100 min. 115-135 18 min.
(10307000 Kg/m?) (80853050-94914450 Kg/m?)
AX-110 weld
deposit 100 min. 115-135 20 min.
(70307000 Kg/m?) (80853050-94914450 Kg/m*)
HY-130 130 min. 150-180 2 15 min.
(91399100 Kg/mz) (105466500-12655260 Kg/m*)
Table 3 Spacimen Fabrication and Testing
Welding Parameters Figures 11 and 12 show the specimen geometries
for the tensile, impact, and fatigue tests. The tensile
Travel Speed  Prehest & Interpass and fatigue plate spocimens were machined with their
Voltsge  Amporage (inJmln) torap. longitudina! axes paralle! to the rolling dircction, while
20V 350amp 12 93°C the longltudinal axes of the lmpact specimoens were
(30.48 cm/min) perpendicular to the rolling direction. The weldment

Shinlding Gas  Hoat Input (k3/l})  No. of Weld Passes

2% Oxygen-Argon 6065 4

Normal welding procedures were intentionally dis-
tuthed to obtain the dedred wald discontinulties.
Clustered  porosity was produced by shutting off the
shiolding gas, thereby contaminating the molten weld
metal i the root of the joint with oxygen, lsolted
porosity was Introduced by shutting oft the oxygon in
the shielding gas, thus decroasing arc stavility.

LOP was croated in a doublesV groowe plate Dy but.
ting the lads tightly together to proevent complote
pencteation of the weld metal, Using a slagle pass on
each sde resulted In excessive distostions; o correg!
this, the specimens were welued using two alternate
passes on cach side, The LOP was a planar, centrally
located defect extending the full teigth of the weld.

LOE was produced by lowering the heat input Y0
poveent on the first pass,

Each weldment was radiographed (o verify the ex-
fstence of the desired defests,

specimens wero machined with their longitudinal axes
porpondicular to the weld axis.

Tho mechanical tensile tests wore conducted at
room temporature at a constant strain rate of 0,001
nfinmin 0001 cmfem/min). To determing the
effect of temperature on the fracture mode of the
Charpy specimens, tosts wore conducted at a wide
range of temperatures (Table 4) using a temperature
control bath, The fatigue tests were conducted at 10
cyelesfsec In a tenslon-tengion sinusoldal mode at room
temperatuie, using a S0kip MTS unit. All fatigue and
tensite tosts of the defostive weldments wore condug-
ted porpondicular to the weld axis.

Table 4
Tewmperaiures and Envirouments of Charpy Tests
Temp 'C Enviroament
196 Liquid Nittogen
H3 Dy loe/Ethy! Alcohol
JJ8 ToofSalt Water
23 Auibicat
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Hydrogen Embrittiement

To induce hydrogen embrittlement, the machined
samples were cathodically charged in a solution of 10
weight percent (w/o) Hy80, and 0.3 wjo As,05. The
Asy04 was used to promete penetration of hydrogen
during cathodic polarization. The cathodic charging
was conducted at a current density of 6 mA/sq in.
(93 mA/em?) for 12 hours prior to testing.

Temper Embrittlement
The T-1 specimens were temper-embrittled using the
following stepcooling procedure:'®

1. Temper 1 hour at 593°C,

2. Furnace-cool to 538°C and temper for 15 hours,
3. Furnace-cool to 524°C and temper for 24 hours.
4. Fumace<ool to 496°C and temper for 48 hours.
5. Furnace<cool to 468°C and temper for 72 hours.
6. Furnace<ool to 315°C.

7. Aircool to room temperature,

The HY-130 specimens were temper-embrittled using
the following procedure:%°

i. Temper | hour at $93°C.

2. Furnace<cool to $15°C and temper for 16 hours,
3. Fumace-cool to 502°C and tempor for 24 hours.
4. Furnaceool to 468°C and temper for 96 hours,
5. Furnace-cool 10 452°Cand temper for 144 hours.
6. Furnace-coolto 44 1°C and tempor for 168 hours.
7. Furnace<ool to 344°C,

E. Air<ool to room tamperature,

3 RESULTS AND DISCUSSION

The summary of the tests conducted n this study,
typical teustle test load-doflection curves, the variation
in absorhed energy with temperature for Charpy tests,
and the fatigue lives of unembrittled and embrittled
steels are shown v Figures 13 and 14 and Tabies §
and 6,

ASTM A-36

The tensile fracture surface of the A36 steel s
shown in Figure 15, Considerable necking oceurred in
the sample prior to fracture, The mechanism of failure
was dimple rupture. Figure 16 shows both condderable

[V WV

Wa. Joshi and DLF, Stein, Terniper Embrittloment of Alloy
Steels, ASTM STP 499 (ASTM, 1972), pp 5989,

wi’c:mml communication with R.A. Swift, January 1973
coucerning Tampet Embrittlenent Study of Hy-130 Sicel.
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variation in dimple size and an entrapped inclusion.
Figure 17 shows plastic deformation markings within
the large concave dimples,

The effect of hydrogen embrittlement on the
strength of ferritic steels is minimal due to the difficul-
ty in propagating a crack through the ductile material.
In this investigation, the hydrogen-embrittled tensile
sample exhibited a dramatic loss in ductility. The
fracture surface (Figure 18) consisted of a mixture of
flat quasi-cleavage facets (Figure 19) and concave in-
clusion-nucleated dimples (Figure 20). It is postulated
that the serpentine glide markings shown on the left
side of Figure 20 were caused by the appearance of
new free surfaces resulting from glide on a series of
nearly parallel planes. As straining continued, the dis-
tinct glide planes were smoothed out and ripples
formed. Formation of these smooth features has been
called glide plane decohesion or ductile cleavage.?!

Since temper embrittlement manifests itself in
Charpy impact tests by raising the brittle to-ductile
transition temperature, “2 it is quite easy to determine if
this phepomenon is present. Charpy tests were per-
formed on A-36 specimens after they received a heat
treatiment similar to the HY-130 specimens. Since there
was no change in the absorbed energy of these samples
as compared to the as-received sumples, it was condu-
ded that A-36 steel was not susceptible to temper em-
brittlement, and no further studies of this phenomenon
were made with this material,

The fracture surface of the A-36 specimen broken
in fatigue (Figure 21) consisted of a fatigue 2one and a
tensite overload 2one. Distinct fatigue stelations can be
seen In Figure 22, Most of these stiiations were paraliet
to the machined notch, although secomdary cruck
fronts ware veeasionally observed, Sterew photographs
of the fatigne zone (Figure 23) show that the erach
fromt propagated on many difterent levels, The central
purtion of the fracture surface, where vapid tensile
overload oceurred, conslsted of cquiaxed dimples
genevated by mclusious (Figure 24).

o

STCEPRE

“!’-‘mer«mraphy and Atley of Freactographs, ASM Metals
Handbouk, Yol 9, Sth Editon (American Souoty for Memals
{ASM], 1974), p 81.

Blicar Treating, Cleaning, and Finiching, ASM Metals
Handbook, Vol 2, Hth Edithon (1963), p 248 and BT, Auly,
R 8. Holunain, and J.R. Myers, Haot Traarmens of ¢ Marten.
sltic Stainless Steel for Optimum Combination of Strengih,
Toughners, end Strexs Corraron Reristance, Techudeal Report
AFMLTRGHT (Al Forco Matodials Labotatory, Apiil 1968).
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Table §
Summary of Tests Conducted in This Study

Mode of Test
Material Tensille Fatigue Impact
As- H) Temper  As- H2 Tempex As Ha  Temper
Rec. Embz.  Embe. Rec. Embr. Embs. Rec. Embs.  Embr.
A-36
Plate X X X X X X X
T-1
Plate X X X X X X X
HY-130
Plato X X X X X X X
T-1
Weld X X X X X X X
T-1 Weld
w/Defects X X X X X X
Table 6
Summary of Fatigue Test Parameters and Data®
Fatigue Life (# of cydes) Applied Stress (ksi)
As Hydrogen-  Temper-  Specimen ’
Materla) Recoived  Embdttled Embrittled Shape Max Min
A6 6600 4575 3800 flat 36 3 4
(25310520 Kg/m®) (2812260 Kg/m?)
T-1 6050 K70 5417 flat 100 {5 )
(1030700 Kg/m?®) (10546050 Kg/m?)
HY-1 30 11560 4410 7150 ol 134 ) 18
(94201360 Kg/m*) (12655260 Kg/m?)
o i
AN-1IG weld 5510 4138 5110 lat (7030700 Kg/m®) (10546050 Kg/m?)

SHavh value Is an average of two or niore tests,

The fracture surfuce of tie hydeogen-embrittled
fatigue sgevimen (Figure 25) has a woudler appearance
thau the unembrittled spechinon. A high wagaiication
of the fatigue zone rovealed well-developed fatigue
stviations (Flgure 26). A storen view of this seglon
{Figure 27) showed wider secondary cravking than in
the unembrittled specinien this may explain the difs
ference v appearance. Large dimples were present in
the tensile ovedduad region of the Tracture surface
{(Figure 28).

Figure 29 shows the fracture surface of un A-36
Charpy specimen broken at -196°C. A highes magaifi-
cation of this susface (Figure 30) shows that failure
occunied by deavage. The river pattems (Figue 31)
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show the direction of crack propagation within each
cleavage tacat. Whan the Charpy specimen was frac.
tred at B83°C, the fracture surface (Figure 32) con.
sisted of deavage faots and microwoids (Figwe 33),
indicating that fallure occurred by tansgeanular cleav.
sge and microvoid cualescence. When fracture occured
at -18°C, the fracture surfuce {Figure 34) vecame wore
comples, Near the notch, tailure owurred by dimple
vupture (Figure 35): in the seatea! postion of the speci-
mien, failure occurred by cieuvage and dimple rupture
(Figure 36). The increasing amount of plastic stratn at
the ciaek tip during fractute accounts for the sudden
invrease i the amount of encryy which must be ex.
pended to cause fallure. The teansition temperature of
A-36, bused utr the average encgy criterion®? (i.e., the

SO0




temperature corresponding to an energy that is one-
half the difference between the maximum and mini-
mum energies), is approximately 10°C.

Fracturing at room temperature results in a promi-
nent shear lip at the end of the specimen, as well as
considerable tearing near the notch (Figure 37). Failure
is by dimple rupture near the notch (Figure 38) and
cleavage in the central region (Figure 39). The dimple
rupture results from microvoid coalescence and inclu-
siongenerated voids (Figure 40). The central region
exhibits regions of this failure mode intersperse
among the cleavage facets (Figure 41). '

The central cleavage in an otherwise ductile Charpy
specimen, called a window of fast fracture, results
from transition from the plane stress to the plane strain
fracture mode as the crack progresses through the spec-
imen. A three-dimensional stress state (constraint)
exists in the center of the specimen, resulting in the
yield stress being increased to up to threc times its
normal value. In addition, the yield stress is further in-
creasgd by the low test temperature (yicld stress is in-
versely proportional to temperature). Conscquently,
before plastic deformation at the crack tip can ocour,
the stresses in the center must increase to a value much
greater than the normal yield stress of the material, At
the edges of the specimen, however, only a twosdimen-
slonal stress state s poggble, so plastic deformation can
occur mors easily.

At very tow temperatures (-196°C), the vield stress
is 5o high that cleavage fracture oceurs even atong the
adges of the specimen. At room temperature, howeows,
the yield stross is so low tidt even the constralnt factor
cannot increass it enough to provide cleavage: fracture
thevefore vcows by dimple rupture twoughout the
spechmen,

ASTM A-517 Grada F (USS T+1) Sten)

Tlie fracture surface resulting from teasile falluee of
T-1 steed plate (Figure 42) contained dimpl. s (Figure
43). Fatluse i the center of tie specimen occurred by
wormal vupture which produced equic ed dimples,
while the outer edges failed by shear ruplure. A higher
mamification (Figure 44) shows that the eyquhaxed
diniples formed around incluglons which were still

[T

a3 Tetelman and A Mcbvily, dr., Frseture of Strue-
tural Materials {John Wilsy, 1967).

s
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present in the dimples, indicating that inclusion frac-
ture initiated failure.

Hydrogen<charging T-i steel before fracturing in
tension failed to produce any noticeable effect, proba-
bly due to lack of diffusion time for the hydrogen. The

fracture surface (Figure 45) seems identical to the un- -

embrittled surface (Figure 42). Failure occurred by
dimple rupture (Figure 46) and microvoid coalescence
in both cases. Secondary microcracks formed as a re-
sult of voids joining. While hydrogen embrittling did
not affect the ultimate strength of the material, it did
result in a minor loss in ductility evidenced by a small
er area under the load/deflection curve (Figure 13).

When T-t steel was subjected to temper embrittle-
ment, the tensile fracture surface (Figure 47) consisted
entirely of dimple rupture and mierovoid coalescence
(Figures 48 and 49). Although this is identical to the
failure mode of the as-received specimen, it does not
mean that the steel was not embrittled. Schultz and
McMahon?? found that temper embrittling an alloy
with composition similar to that of T-1 steel by step-
cooling produced the same type of failure mode. They
verified the presence of embrittlement by observing the
corresponding increase in the transition (from brittle
to ductile) temperature, Since the fracture surface
alone is not sufficient to identify the presence of em-
brittlement, further tests such as the Charpy impact
tost should be performed to verify its presence,

The fracture surface of an unembrittlod double-
notched T-1 plate speciman broken in fatigue (Figure
50) conslsted of a fatlgue 7one near each notch and a
reglon of tensile overload in the conter of the specimen,
The stristions In the fatigue zone (Figure 51) were inl
tiated parsllel to the wachined notch; howeves, sece
ondary cracking began near the tensile overload region,
and the steiations bocame multbdirectioval (Figure 52).
The small holes vesulted from large indusions which
were pulled from the mateix as the fatigue crack ud-
vanced, A cracked Icluston remaing at the bottem of
one of the holes, The teasile overload region (Pigure
$3) consisted of equiaxcd dimploes of varying sizes,

latioduction of excessve hy *ogen in the T-1 steed
by cathodic charging reduced the fatigue life between
20 and 60 percent (Table 5). The fravture surface of a
hydsogen<embrittled T-1 plate specimen biokea in

i

330, Schultz ana C.1. McMahon, Ji., Temper Embritiie.
stent of Ai oy Seeels, ASTM STP 499 (ASTM, 1972), pp 104-
135,
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fatigue (Figure 54) was also composed of fatigue re-
gions near the notches and a tensile overload region.
The fatigue region, however, was not flat, but con-
sisted of parabolic contours (Figure 55). Photographing
these contours at different tilt angles revealed that the
parabolic contours were actually craters in the fracture
surface (Figures 56 and 57). The shape of the craters
can be seen in the optical micrograph (Figure 58) taken
from a section in the fatigue zone perpendicular to
the machined notch. Many of these craters contained
cracks in the bottom perpendicular to the machined
notch. Failure occurred by quasicleavage inside the
craters, while considerable secondary cracking outside
resulted in multi-directional fatigue striations. There
were no fatigue striations evident near the notch,

The formation of craters in the hydrogen-embrit-
tled fatigue-fractured samples can be explained using
Trolano's theory of hydrogen embrittlement.?® He
proposed that accumulation of hydrogen followed by
subsequent crack nucleation occurred in regions of
high triaxial stress. A triaxial stress state occurs below
the root of a notch where cracks can initiate as a result
of a critical combination of stress and hydrogen con-
centration. Since fatigue striations were present in the
unembrittled samples, it was assumed that the absence
of striations near the notch tn the embrittled samples
{ndicated that subsurface crack nucleation had oc-
curred instead of the progressive type of crack advance
from the outside surface of the notch as evideneed in
the A-36 specimens and the unembrittled Tl speci-
mens, Subswrface fatigue cacks uwuelested - aiero-
vracks, volds, or includons grow on planes perpendicu-
far to the major applisd stress axis. When these tuaus-
verse fatigue cracks btesect the tongitudingd cracks
associoted with stringers, subsequent cyelle stressng
enlarges the cracks lnto cratees, Figure 59, 5 longitudis
nal sectlon of the hydrogenembrittlzd fatigue zone,
flustrates the beglnning and intermediate stages of
crater formation. Widendng of the longitudingl micios
ctacks by the main fatigue ceack is deardy evident,

The centrad poition of the fracture surlace, whete
tensile overload owtureed, consisted of varioussized
dimples and  oceusfonal  voldgenerated  secoudary
cracks (Figute 60). The absence of hydrogen embrittle.
ment effect in this reglon was probably because faiture
wus very raphd, giving the hydrogen insufficient time to
build up to 4 critical conoentration bi the asea.

BA. Trobano, “The Rok of Hydrogen sud Other Inter-
stilals in the Mechantcal Behavior of Metaly,"” Transsctions of
The Americon Soctety Jor Metals (ASM), Vol 52 (1960), p 52,
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The temper-embrittled T-1 fatigue fracture surface
(Figure 61) contained a large amount of lamellar tear-
ing in the fatigue zone (Figure 62). Although a small
amount of tearing was noticed in the as-received fatigue
sample, temper embrittlement seemed to render the
material more susceptible to lamellar tearing. 1t is be-
lieved that the heat treatment cycle reduces the mate-
rial's short transverse tensile properties so that as the
fatigue crack propagates, the large triaxial stresses
which build up ahead of the crack front fracture the
weakened interface between the matrix and the long
stringers of inclusions. As in the unembrittled sample,
fatigue striations were parallel to the machined notch
(Figure 63). Figure 62 clearly shows the transition
from a fatigue to a tensile overload failure mode. As in
the previous cases, the central reglon consisted of din-
ple rupture (Figure 64).

When a T-1 Charpy specimen was fractured at -196°C
{¥igure 65), failure was entirely by cleavage (Figure 66).
River pattems (Figure 67) show the direction of crack
propagation across oach cleuvage facet. When the speci-
wen was broken at -83°C (Figure 68), mixed made fail-
ure oocurred by cleavage (Figure 70). As with the A-36
samples, the onset of dimple formation on the fracture
surface corresponded divectly with the increase in ener-
gy needed to cause failure (Figure 14), At .18°C, the
fracture surface (Figure 71) exhibited a “wouody™ frac.
ture and consisted entirely of dimples (Figure 72), Indi-
cating that failure resulted from mdcrovold coatescence,
The fracture surfuce of a Charpy specimen broken at
room temperature (Figure 73) aiso consisted of diwe
ples of varylng siees (Figure 24). A higher magnitica.
tion (Flgure 75) shows that dimple formation resulted
from wiciovold coalescence along with inclusions.

HY-130 Steel

Since HY-130 i5 also u quenched and tempered mar-
tengitic steel, its fragture behavior should be dmilar to
that of T-1. Compartog their stiess-straln curves (Figure
13) shows that HY-130 Is stronger and move ductile
than T-1. Because of this high steeagih, HY-130' sus
coptibility 0 hydroges emburttlement B3 expecied to
be severe.

Witen HY-130 was broken in wenslon {Figure 76),
high smagnifications of the fracture sueface sevealed
that fatlure vecurred by normal supture in the conter
of the specimen {Flgure 77) and shear rupture on edges
of the specimen (Figure 78). The large cracks om the
fescture surface probably resulted from microcracks
which forimed at the intertace between the martensitiv
watelx and loug stringoes of incluslons.
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Figure 13 clearly shows the difference in ductility
between A-36 and the two martensitic steels. In A-36,
more plastic deformation occurred at the crack tip. As
a result, the dimples in A-36 steel (Figure 16) were
larger than in the T-1 (Figure 43) and HY-130 (Figure
77) steels.

Hydrogen-charging the HY-130 sample prior to frac-
ture significantly affected the appearance of the frac-
ture surface (Figure 79). The surface contained many
small, circular, flat regions called *fisheyes™ (Figure 80).
Stereo photographs of a fisheye (Figure 81) show that
the center is actually a deep pit. When fracture initia-
ted from this avea, it propagated in a quasi<cleavage
mode (Figure §2).

Trolano's theory of hydrogen embrittiement can ex-
plain the appearance of the fisheyes, If atomic hydro-
gen can diffuse to regions of high triaxial stress under
an applied load, a critical concentration of hydrogen
results. This hydrogen, in conjunction with the applied
load, causes localized fracture to oceur in a brittle man-
ner. Since the conventional tensile test is fairly rapid,
too little time is available for the regular mechanism of
hydrogen-induced microcracking to ropeat itself at the
tip of the newly formed microcrack. Thus, the sze of
the fisheye is confined to the initial microcrack associ-
ated with the cavity, Other portions of the sample failed
by grain boundary separation with microvold coales-
cence (Figures 83 and 84), A smaller reduction in cross
section in the hydrogen-embrittled sample indicated a
loss in ductility, This observation was confinmed by the
load-deflection curve (Figure 13) which also indicated
a loss in ductility due to hydrogon embrittiement,

Consdderable lamellar toaring is evident on the fyae
ture sarface of a temperembrittded HY-130 tousile
specimen (Figure 85). Failure ocourred in a steplike
fashion (Flgure 86). The fatlure mode was a combina.
tion of slipping, teuring, and lcrovold coalescence
{Figure 87). Serpontine glide patterns wers evident on
the fracture surface, As with the T-1 sweel, temper ¢me
brittlesent increased the nuterial's susceptibility to
taniellar tearing.

Figures 88 and 89 show the fracture surfaces of
round and fat asrecelved HY-130 specimens fractured
in fatigue. The fatigue and overdoad regivns ate casily
distinguishable in both samples, The fatigue seglon(Fig-
use 90) consisted of parallel striattons indicative of
crack Tront progeession aeross the surface {(Figute 91),
A stereo wmicrogiph of the fatigue region (Figure 92)
shows that the fracture surface is generally (latter than
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the A-36 or T-1 fracture surface. The central region,
which failed by normal rupture in the center and shear
rupture on the sides, consisted of equiaxed and elonga-
ted dimples (Figure 93).

The hydrogen-embrittled HY-130 fatigue sample is
shown in Figure 94. The fatigue region (Figure 95) dif-
fers considerably from the unembrittled fatigue region
(Figure 90). The parabolic contour lines on the frac-
ture surface are similar to those on the hydrogen-embrit-
tled T-1 fatigue sample (Figure 55). A stereo photograph
of one of these contours (Figure 96) shows that like
those on the hydrogen-embrittled T-1 sample (Figure
57), they are deep craters on the fracture surface. The
mechanism of formation of these craters in the hydro-
gen-embrittled HY-130 is postulated to be the same as
in the embrittled T-1 steel.

Fatigue striations in the hyd rogen-embrittled HY-130
(Figure 97) had multiple orientations on the fracture
surface and were usually associated with secondary
cracking. The tensile overload region consisted of dim-
ple rupturc and microvoid coalescence (Figure 98). Ta-
ble S shows the reduction in fatigue life due to hydro-
gen embrittloment.

Tempor-embrittling HY-130 ste.  prior to tosting in
fatigue resulted in the fracture surtace shown in Figure
99. The fatigue and tensile overload regions are cloarly
distinguishable. Since constderably more lamellar toar-
ing ocourred than in the as-received specimen broken In
fatigue, the embrittloment cycle scemed to increase
RY-130's susceptibility to such teariug. At a highor
magnifteatton, the fatigue region (Figure 100) was
found to contain fatligus striations paraliol to the ni.
chined notels (Figure 101). A stereo micrograph of the
fatigne reglon (Flgure 102) shows that crack propaga-
tion occurred on relatively fow levels, as tn the asre.
gelved spocimen, To the tensle overoad region, failure
along the laminales ooeurred by sHpping, tearing, and
microvold coalescence (Figure 103). A reglon of intor-
granntar fracture was obsarved between the fatigue
zone and the tensite overload reglon (Figure 104), Most
of the fatlure in this reglon was intergranular (Figure
105), presumably atong prive austenite graln boundas
les; there were also seglons of microvold coalesconwe
(Figure 106).

The fracture surface of an HY 130 Charpy sample
broken at - 1967C (Flgure 107) consisted solcly of cleav.
age (Figure 108). When failure ocourred at -83°C, near
the transition tomperature, wixed mode fracture occur-
ved (Figure 109). The outes reglons consisted of dimple
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rupture (Figure 110), while the mechanism of failure in
the central region was cleavage (Figure 111). Failure at
-18°C, above the transition temperature, resulted in a
fracture surface (Figure 112) consisting entirely of
dimple rupture (Figure 113). Fracturing at room temp-
erature produced a fracture surface (Figure 114) simi-
lar to the -18°C fracture surface (Figure 113). The
mechanism of failure was again entirely dimple rupture
(Figure 115).

AX-110 Weld

Figure 116 shows the fracture surface of a solid AX-
110 weld deposit tested in tension. Failure occurred by
microvoid coalescence and dimple rupture (Figure
117). Exposure of an AX-110 weld tensile sample to
hydrogencharging prior to testing produced the frac-
ture surface shown in Figure 118, In one area of the
surface small fisheyes were present (Figure 119). The
fisheye region (Figure 120) consisted of very small
cleavage facets (Figure 121). This failure made resulted
from pockets of entrapped hydrogen gas. The rest
of the specimen falled by microvoid coalescence
(Figure 122). When the tensile specimens were temper-
embrittled prior to testing, the fracture surface (Figure
123) consisted of dimple rupture and microvoid
coalescence (Figure 124),

Tite fracture surface of a solid AX-110 weld tested
in fatigue is shown in Figure 125, The {atigue region
consisted of parallel microcracks rather than strintions
(Figure 126). As the crack advanced into the center of
the spoecimen, the fallure mode changed from fatigue to
tensile overload by microvoid coalesconce. When the
ciatk was large onough to cause rapid tensile overload,
falluse oceurred by dmple rupture and mdcrovold
coalescence (Flgure 127),

When the weld testspecimen was hydrogen-embritded
prior to fatigue testing, the fracture swrface (Figuve
128) was sindlar to that of the hydrogenembyittled
T+ plate specimen (Pigure 54), ascept for the prosence
of large facets on one side of the weld fracture surface.
The fatigue yegions consisted of nwmerous small
craters, many of which contained microcracks (Figure
129). Fatigue stedotions with muluiple vrisntations
(Figure 130) were present on the fracture surfuce
around the craters, There was evidence of crater
formation even in the central segion where faiture
vceurred by dimple vuplure and microvoid cosloscence
(Figure 131).

Temperembrittling an AX-110 weld futigue spee-
lmen privr to testing produced the fractuce surfuce
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shown in Figure 132. The fatigue region (Figure 133)
contained relatively few distinct fatigue patterns
(Figure 134). There was evidence of lamellar tearing
near the transition region from the fatigue to tensile
overload failure mode (Figure 135). Failure in the over-
load region occurred by dimple rupture and microvoid
coalescence (Figure 136).

The effects of test temperature on the fracture
mode of Charpy specimens revealed the low ductile to
brittle transition temperature (DBTT) characteristic
of an AX-110 weld. The fracture surfaces resulting
from tests conducted at -196°C, -83°C, -18°C, and room
temperature are shown in Figures 137 through 140, At
-196°C, failure occurred entirely by cleavage (Figure
141). At the transition temperature (-83°C), mixed
mode failure occurred; the central region of the spec-
imen failed by cleavage (Figure 142), while the outer
areas failed by dimple rupture (Figure 143). At -18°C
and above, failure occurred entirely by dimple rupture
(Figure 144).

Failure of Defective Weldmants

The tensile fracture surface of an AX-110 weldment
containing LOP is shown in Figure 145. The LOP arca
(Figure 146), reveals the vertical machine markings on
the base metal plate. The lower half of the fracture
surface contained a hordzontal ling where the fracture
mode changed from shear rupture to normal rupture
(i.c., the fracture path is normal to the tensile axis)
(Figure 147), The aroa nearcst the defect exhibited
clongated dimples (Figure 148), while the area nearest
the surface consisted of equiaxed dimples (Figure 149).
It appoars that the crack initinted at the LOP area and
propagated toward the sutfuce by shear ruptuse, with
final fracture  .rring by normal rupture,

Figure 150 shows the fracture sueduce of a tonsite
spechmon containing  LOP (Figure 151) and LOF
(Figure 152). The fatlure vecurred by microvold coales-
cence {Figure 153): which defoct inftiated it is uncertain,

Pigurz 154 ghows the tensile fracture susface of an
AXA10 T-1 weldnunt  containing  porosity,  The
interior surface of a porosity bubble revealed dendritic
gowth patterms and grain boundaries (Figure 158),
The fracture of the weld metal, which probably initiated
in the porosity reglon, oceurred by microvold coales.
cence (Flguro 1506).

The fractuse surfage resulling from fatigue frantve
of an AN 10 weldment containing LOP i3 shown in
Figure 157, Fracture initiated in the LOP regiva in the
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center of the specimen. Fatigue striations originating
-from the defect were fairly well developed and easily
recognizable (Figure 158). Rapid fracture in the outer
portion of the specimen was by dimple rupture (Figure
159).

The fracture surface resulting from fatigue failure of
a weldment containing porosity is shown in Figure
160. All the fatigue regions initiated at pores (Figure
161). As the crack propagated through the specimen,
the fracture mode changed from fatigue (Figure 162)
to dimple rupture (Figure 163).

Hydrogen embrittlement affected the fracture be-
havior of an AX-110 weldment containing porosity
the same way it affected the T-1 plate and sound weld.
Large parabolic contours (later confirmed as craters)
pointing toward the origin of fracture were apparent
on the fracture surface of an AX-110 weldment con-
taining porosity and tested in fatigue (Figure 164).
Near the center of the specimen, the craters became
more circular (Figure 165). Failure initiated at an outer
edge of the specimen (Figure 166). When the propa-
gating crack reached a critical size, catastrophic failurc
by dimple rupture occurred (Figure 167).

Figure 168 shows the fracture surface resulting from
fatigue-failure of a temper-embrittled AX-110 weldment
containing LOP. Fatigue Initlated from the central
defect (Flgure 169) and the outside edge of the spec-
jmen (Figure 170). No fatigue strlations wero dis-
cemible at the origin, but they became evident as the
crack advanced through the material (Figure 171), The
peripheral shear lip, where final fracture oceurred,
exhibited elongated dimples (Figure 172).

4 CONCLUSIONS

1, A-36 steed was found to be susceptible to hydeo-
gen embrittlement, which caused toss in dugtility and
reduction In fatigue life. Tensie fatlure in the hydrogen-
cmbrittled spechuens occurred mainly by dhmple rup-
ture and wicrovold coalesconce, rosulting in the torma-
tien of elungated or equiaxed dimples, The fracture
surface of the hydrogenemibrittled specimen also
contaiied reglons of quasi-cleavago.

2. A:30 stesl was Tound not to be susceptible to the

temper-embrittlement heat treatment p‘erfornie’d; in
this study. )

3. The effect of testing temperature on the Clarpy
specimens was seen in a change from cleavage fail-

ure at low temperatures to dimple rupture at room

temperature.

4, The fracture surfaces of the as-received and
temper-embrittled T-1 (plate and weld) tensile samples
were identical. Failure in each case occurred by dimple
rupture and void coalescence; therefore, the fracture
appearance of tensile specimens is not a dependable
method for determining temperembrittlement.

5. The effect of hydrogen embrittlement was quite
severe in quenched and tempered martensitic steels (T-1
and HY-130) tested in fatigue. A significant reduction
in fatigue life was observed, and the fatigue regions
were found to contain a dispersion of craters. In the
hydrogen-embrittled HY-130 and weld samples, small
fisheyes which were believed to result from pockets
of entrapped hydrogen were evident.

6. Subsurface crack nucleation appears to occur in
regions where g critical combination of triaxial stress
and hydrogen concentration exists, Transverse cracks,
which propagate on a plane perpendicular to the major
stress axls, Intersect longitudinal cracks formed at
matrix-stringer interfuces, Subsequent 2ycling produces
the craters on the fracture surface.

7. Nucleation and propagation of subsurface fatigue
cracks in the hydrogen-embrittiod samples appear to be
tesponsible for the severe reduction in fatiguo life.

8. When fractured in fatigue, the temperembrttled
Tl plato and, to a losser extent, T+ weld wore suscop-
tible to lamellar tearing.

9. HY-130 exhibited a markedly increased suscop-
tibility to Yamellar tearing whon temperombrittlod and
tosted in tension awd futigue,

10. Fractores of defective welds originated at the
internal defeet. However, when these specimens were
hydrogenembrittled prior to fatigue testing, fallure
alsv originated at an vutside free surface,
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inclusions, 4250x.

Equiaxed dimples containing
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Figute 2. Eloagated diples, 3750x.
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Figure 3. Cleavage fucets, 400x.

Figure 4. Quasi<leavage facets, 1600x.
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Figuie 5. Fatigue striations, 4000x.

Figure 6. Intorgranular fractuce, 300x.
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Figure 8, Microstructure of T-1 steel, 200x.

Figue 9. Microstructure of HY-130 steel, 200x.
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Figure 19, Specimon joints for welding.
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Figure 12. Specimon geonwtry for fatigue tests,
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Figure 15, Tensile fracture surface of A-36 stecl, 12x.

Figure 17

Figure 16, Dimple rupture in A-36 steel, 100X,
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Figure 17, Plastic deformations in dimple rupture in A-36 stecl, 3000x. f
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Figure 20 }
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Figure 19
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Figure 18. Tensile fractuse susface of hydrogen-ombrittled A36 steel, 10x.
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Figure 19, Quasi-cleavage facots in hydrogen-smbrittled A-36 stecl, 1100x.

aroa of
serpenting

3

S By DA R A R




Figure 21. Fatigue fracturc surface of A.36 steel, 8x.

i Figure 22. Fatigue striations on surface of A-36 sicel, 4000x%.
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Figure 23. Sterco micrograph of fatigue zone in A.36 steel, S00x.
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Figure 24. Teasilo overload vogion in A-36 fatigue specimen, 700X,
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Figure 25. Fracture surface of a hydrogea-embrittled A-36 fatigue specimen, 8x.
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Figure 26. Fatigue striations on sutface of hydrogen-cnibrittled A-36 fatigue speciien, $250x.
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Figute 28, Tensile overload region in hydrogen-embritticd A-36 fatigue specimen, 1300x,
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Figure 30

Figure 29. Fracture surface of A-36 Charpy specimen tested at -196°C, 7x.

Figure 31
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Figure 33. Mixed mode failure in A-36 Charpy specimen tested at -83°C, 1000x.

Figure 36.

Figure 35

notch

Figure 34, Fracture surface of A-36 Cha;py spocimen tosted at -18°C, 7x.
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Figure 35. Dimple rupture in notch region of A-36 Charpy specimen tested
at-18°C, 100x.

Figure 36. Mixed mode failure in central region of A-36 Charpy specinien
tested at -18°C, 100x.
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Figure 39

notch

Figure 37. Fracture surface of A-36 Charpy specimen tested at room
smperatuie, 7X.

Figure 40

Figure 38. Dimple rupture in noteh reglenof A-36 Charpy specinon tested
at room temperaturs, 100x. ' ‘
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Figure 41

Figure 39. Cleavage fracture in contral reglion of A-36 Chaxpy specimen
tested at room temporature, $00x,

Figuro 40, Microvold coalesconie and inctudongenciated voids tn veglon
near notch, 1000k,
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Microvoid coalescence interspersed among cleavage faccis :
in central region of A-36 Charpy specimen tested at toom ' ;
temperature, 1000x. o < ’

Figure 43
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Figure 44, Equisxed dimples containing indusions, 7500s%.

Figure 43. Equiaxed dimples in central region of {iactured surface, 1500x.
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Figure 46

Figure 45. Tensile fracture surface of hydrogenembrittled T-1 steel, 8.

Figuse 46. Tensile tuilure of hydrogenembrittled steel by dimple rupture, 650x.
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Figure 49
Figure 48

Figure 47, Tensile fracture surface of temper-embrittled steel, 8x.
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Figurc 49. Equiaxed dimples and microvoid coaleseence in temper-
embrittled T-1 steel, 1500x.

Figure S1
noteh notch
Figure 52
Figure 53

Figwe 50, Fatigue fracture surface of a T-1 steel plate specimen, 10x.
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Figure 51. Fatigue striations on surface of T-1 fatigue specimen, 1000x.
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Figure 33. Tensile overload rogion of T-1 fatigue specimen, 700x.
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Figure 60
Pigute 55
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Figuse 55. Fatigue zone of hydrogen-cmbrittled T-1 plate fatigue specimen, 60x.
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Figure §6. Stereo microgtaph ol fatigue zowe in hydeogeaembrittled Tl
steel, 400x.
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Figure §7. Stereo micrograph of fatigue zone in hydrogen-embrittled T-1
steel, S00x.
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Figure 58. Optical micrograph of o longitudingl section of the fatigue
zona tn hydsogen-ambittied T.1 steel, $50x.




Figure §9. Optical micrograph showing the beginning and intormediate stages of crater formation, 550x.

Figure 60, Tensile overload region of hydrogenembrittlsd -1 plate fatigue specimen, 190X,
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Figure 64

tensile ‘ fatigue

overload
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Figure 62

Figure 63

Figure 62. Trausition region from fatigue to tensile overload in temper

embrittied T-1 fatieve <, Cimon, 35x.
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Figure 63. Fatigue striations on fracture surface of temper-ombrittled T-1
steel, 5000x.

Figure 64. Dimple rupture bt tonsile overlvad region of tempur-ambrittled
-1 steol futigue specimen, 3500x,
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Figure 65. Fracture surface of T-1 Charpy specimen tested at -196°C, 8x.

Figure 07

Figure 66. Cleavage fracture in -1 Charpy specimen tested at 196°C, 280x.
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Figure 67. Cleavage facets containing tear lines, 5000x.

Figure 70

Figuze 68, Fracture surfuce of a T-1 Charpy specimen tosted at 83°C, 8x.
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Figure 70. Jenter of T+l Charpy specimen testod at $3°C, 1000x.
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Figure 72, Fatlure of T+1 Clurpy specimen tested at 187C by dimple
rupture, 1000x,
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Figure 72




Figure 74

Figure 73. Fracture surface of T-1 Charpy specimen tosted at room temp-
erature, 10x,

Figue 75

Figure 74, Failure of T-1 Clarpy speclven tostad il room temperalure by
dimple rupture, [700x,
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Figure 75. Dimple rupture by microvoid coalescence, 4250x.

Figure 76, Tensile fruvture surtace of HY-1 30 sicel spacimen, 8x.
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Figure 77. Center of HY-130 tensile specimen, 1 500x.

Figure 78, Bdge of HY-130 tensile specimen, 1600X.
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Figure 79. Tensile fracture surface of hydrogon-embrittled HY-130 specimen, 9x,

Vigure 81

Flgure 82

Pigure 8O, "Fisheyes™ on surlage of hydrogenembritticd HY- 130 tensile
specimen, 10x.

63

© o e




R

Figuse 81, Stereo micrograph of center of fisheye on fracture surface of
hydrogen-embrittled HY-130 tensile specimen, 1400x.

Figure 82, Quusicleavage fractue in fisheye, 1600x.
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Figure 84

Figwe 83, Grain  boundary separation with microvoid coalescence in
| hydrogon-embrittied HY-130 tensile specimen, 1200x. :
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Figure 84, Giain  boundary separation with microvold coalescence in
: hydrogeacmbiitiled HY ) 30 sensilo specinen,  3000x.
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Figure 87
Figure 86
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Figure 87, Practure of tempercmbrittled HY-120 tonsile specimen by
slipping, tcaring, and micrevoid coaloscence, 1500x.

Figuve 88 Fracture surface of sound HY-] 30 fatigue spacinen, 10x.
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Figure 93
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Figure 89, Fracture surface of flat HY-130 fatigue specimen, 8x.

Figure 92 Figure 91 notch

Figure 90. Fatigue region of HY-130 tracture surface, 50x.
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Figure 90




Figure 91, Fatigue striations on fracture surface of HY-130 steel, 1450x.

Figure 92, Stereo micrograph of fatigue zone in HY-130 steel, 1550x,
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Figure 93. Tensile overload zone in HY-130 fatigue specimen, 1500x.

Figure 95 « Figure 93
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Flguro 97

Figure 94. Fracture surfuce of hydrogenembritiled HY-130 futigue
spechmen, 10X,
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Figure 96

Figure 95. Fatigue region of hydrogen-cmbrittled HY-130 fatigue specimen, 40x.

Figuse 96. Stereo micrograph of fatigue zone in hydrogen-ombrittled HY-
130 Steet, 400x.
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Figure 97, Fatigue striations on {racture surface of hydrogen-embrittled i
HY-130 steel, 1600x.

Figure 98. Tensile overload region in hydrogen-embritiled HY-130 steel, 1500x,
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Figure 103

Figure 104

Figure 100
notch
Figure 99. Fracture surface of temper-embrittied HY-130 fatigue specimen, 8x.
tensile ovorload reglon fatigue rogion
notch

Figure 101
Figure 102
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: Figure 101. Fatigue striations on fracture sutfaco of tempor-ombrittied
i HY-130steel, 1600x.
{

d

Figuse 102, Sterco nvierograplh of fatlgue 2one i tomperombrittied HY-
130 steel, 1500x,
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Figure 103. Slipping, tearing, and microvold coalescence along one of
laminates in temper-ombiittled HY-130 steol, 800x.

Figure 105

Figuge 106

Figwre 104, Band of Intergranulay fracture bowween fatlgue and teusils
owrloud zones,  160x.
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Figure 105, Intergranular fractre in  temper-embrittled HY.130 steel
(located in center of 104), 1600x.

Figure 106, Intergranular tracture and mdcrovold coalosoonce i teipers
embrittled HY-130 steel, 800,
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! Figure 107, Fracture surface of HY-130 Charpy specimen tested at -196°C, 8x.
! {
{
!
i
:
§
: ;
} !

R TS

H Figure 108. Cloavage fractuse in HY:130 Charpy spechuen tested at -196°C, 1600x.
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Figure 110

— Figure 111

‘igure 110, Edye of HY-130 Charpy specimen tested at 83°C, 650x.
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Figure 113

Figure 112, Fracture surface of HY 130 Charpy specimen tested at 187, Bx.
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Figure 118
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i Figure 114, Fracture surfase of HY-130 Charpy spechuen tested at wom
: temperatyte, Bx.
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Figure 115, Failure of HY-130 Charpy specimion tested at room tempora-
ture by dimple rupture, 1600x. ;
i
Figure 116. Tensile fractuse suriace of ai AX-1 10 weld specimen, 25x. 1
£
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Figure 117, Tensile failure of AX-110 weld material by dimple r:pture, 4000x.
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i . Figue 122
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Figure 120
{
Figuze 119. Fisheye on the fracture surface of hydrogen-embrittled AX-110

g weld specimen, 150x.
| |
i
,E

i
i )
: _%
; Figure 121 3
i
3
;
1
] 3
%
) R\
!
X Figure 120. Fracture surface of reglon in fisheye, 1600x. i
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Figure 122, Fracture surface of hydrogen-embrittled AX-110 wekd speci-
men away from fisheye, 1500x.

84

PR R T

R,



<
o
v
2
&
=

8s

dimple rupture, 750x.

spacimen, 15x.

Figure 123. Tensile fracture surface of temperembrittled AX-110 weld
Figure 124, Tenslle failure of temper-embrittled AX-110 weld specimen by
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Figure 126
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Figure 125. Fatigué fracture surface of an AX-110 weld specimen, 1ix.

Figure 127
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Figure 131
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Figure 127, Tensile overload region of AX-110 weld fracture surface, 1500x.

Figure 130

Figure 129

Figue 128. Fatigue fracture surface of hydrogenwombrittied AX-110 weld
speclmen, 10x.
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overload region

AR
Figure 129. Stereo micrograph of fatigue region in a hydrogen-embrittled
AX-110 weld specimen, 40x.
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Figure 130. Fatigue striations on surface of hydrogen-ombrittled AX-110
weld fatigue spocimen, 2000x.
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Figure 131. Stereo micrograph of the tenslle ovesload region in a hydrogen-
ombrittled AX-110 weld fatigue specimen, 1600x.
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Figure 135

igure 136

~~ Flgure 134
= Figure 133

Reea n0tCH

Figure 132. Fatigue fracturo surface of teniper-embrittled AX-110 weld
spocimen, 1ix.
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Figure 133. Fatigue region of tempor-embrittled AX-110 weld fracture
surface, 375x.

Figure 134, Fatigue striations on fracture surface of temperembrittled
AX-110 weld fatiguc specimon, 1500x.
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* Figure 135, Lamellar tearing occurring in fatigue zone of tempor-ombrittled
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AX-110 weld specimen, 150x.

fatigue spechuon, 750x,
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Figure 137, Fracture surface of AX-110 weld Charpy specimien tosted at
-196C, 8x.
{
Figue 142
Figuro 143
notch
Figure 138, Fracture surface of AX-110 weld Charpy specimen tested at
$3C, 8x.
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Figure 139. Fracture surface of AX-110 weld Charpy specimen tested at

s 18°C, 8x,
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! Figure 144

, nolch ’
Figure 140, Fracture surface of AX-110 weld Chaspy specimen tesied st )
: roum lemporature,  8x. )
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Figure 141, Failure of AX-110 weld Charpy spachuion tested at -196°C
by cleavage, 4000,

Figure 142. Centor of AX-1 10 weld Charpy spechuen tested at $3%C, 4000x. .
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above {18, $250x.

Yigure 143, Edge of AX-110 weld Charpy specimen tested at $3°C, 4000x.
Figure 134, Fracture susfase of AX-110 weld Charpy specuncn tesled at o5
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Figure 146
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Figure 146, LOP region on tensile fracture surface of AX-110 weldment, !
located in conter of spectmen,  250x.
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Figure 147, Transition reglon on tensile fracture surface of AX-110 weld-
went, 1900x.
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: ‘ Figure 148, Blongated  dimples on teasile fracture surfaco of AX-110 i
weldment, 4600x. :
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Figure 152

Figure 149. Equiaxed dimples on tensile fracture surface of AX-110
weldment, 4600x.

Figure 150, Tensile fracture surface of AX-110 weldnieat containing LOP
and LOF, 8x,
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Figure 151, LOP rogion on tensile fracture sucface of AX-110 weldment, 300x.

Figure 152, LOF reglon on tensile fracture surface of AX-110 weldient, 260x.
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Figure 153. Re%lon away from defects on AX-110 weldment fracture
; sutface, 4000x. ‘
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Figure 156
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Figure 154. Tensile fracture surface of AX-110 weldment containing
posusity, bBx. : ’
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Figure 155, Interior surface of pore, 2500x.

Figure 156. Fracture surfage away from potnsity defects, 3500x.
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Figure 159

Figure 157. Fatigue fracture surface of AX-110'weldment containing LOP, 8x.

Figure 158, Fatigue region of fractute surface of AX+110 weldment con-
taining LOP,  1700x.

Figure 158




Figure 159, Tensile overload region of fatigue fracture surface of AX-110
weldment containing LOP, 3250x.

Figure 162 Plgure 163

Pigure 161

Figure 160. Fatigue fracture surfaco of AX-110 weldment containing
pusosity, 10x.
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contsining porosity, SO0x: o oy

Figure 162. Fatigue rogion of fracturo surface of AX+110 weldment con-
taining porosity, 1380x.
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Figure 163, Tensile overload region of fracture surface of AX-110 wold-
: ment containing porosity, 1380x.
Figuse 167
Figure 165
Figure 166
Figure 164, Fatigue fracture surfaco of a hydrogen-ambritided AX-110 weldment
. containing porosity, 8x,
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Figure 165, Sterco micrograph of fatigue reglon of hydrogenembrittled
AX-110 weldment containing porosity, 120x.

Figure 166. Origin of fatigue fallure in hydrogenembrittled AX-110 weld-
wmeot containing porosity,  120x.
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 Figuie 177 _

Figure 167, Tendle overload reglon in hydrogenembrittled AX-i10
weldment cuntaining porosity, 1000x.

Figuee §70  Figuse 1)

Figure 168. Fatigue fractute swiface of tauperembriticd AX-110 weld-
ment cotaining LOP,  #a. :
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Figure 169. Origin of failure of temperembrittled -AX-110 weldment
containing LOP, 1400x,

L

Figure 170, Secondary origin of fatigue failure of temperombrittied AX-
110 weldment containing LOP, 70x.
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Figuse 171, Fatigue striations on fracture surface of tex;iper-efnbrittled
AX-110 weldmont containing LOP, 1400x.

Figure 172. Elongated dimples on shear lip of fracture surfuce, 3500x.
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GLOSSARY

crystal: A solid composed of atoms, ions, or molecules
arranged in a pattern which is repetitive in three
dimensions.

crystallographic plane: A plane which is formed by the
atoms, ions, or molecules in a crystal.

grain: An individual crystal in a polycrystalline metal
or alloy.

slip: Plastic deformation by the irreversible shear dis-
placement (translation) of one part of a crystal
relative to another in a definite crystallographic
direction and usually on a specific crystallographic
plane. Sometimes called “‘glide.”

slip plane: The crystallographic plane in which slip
occursin a crystal,

stip system: A specific plane and direction in which slip
occurs. Generally the slip plane is the plane of
greatest atomic density, and the slip direction is
the closost-packed dircction within the slip plane.
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